This article is the first part of an integrated study to characterize the anatomy and geometries of carbonate shoal reservoir bodies in epicontinental settings. It is based on outcrop analog data from Triassic layer-cake carbonates in the south German Basin, which were deposited along an epicontinental, very gently inclined carbonate ramp.
. All data were loaded into three-dimensional (3-D) modeling software to distribute 14 facies types and model the 3-D stratigraphic architecture. The resulting facies distribution implies that volume and dimensions of the shoal bodies are mainly controlled by the combination of stratigraphic cycles and a subtle paleorelief, which is indicated by overall thickness changes of succession. High-energy shoal facies types occur only in and around areas with a reduced overall thickness, whereas areas with a thicker development are dominated by low-energy, muddy facies types. All observations combined point to the presence of a subtle paleorelief, which could be induced by slight differential subsidence of inherited paleotectonic basement blocks.
On the kilometer to regional scale, previous studies suggest simple layer-cake stratal patterns. However, in the full 3-D view, the apparent layer-cake stratigraphy turned out to be a pseudolayer cake, with very gentle (0.01-0.001°dip) clinoform geometries. These very subtle offlapping, pinchout geometries may have been overlooked in epeiric reservoir systems elsewhere.
INTRODUCTION
The value of outcrop analog studies is widely acknowledged for modeling geometries of siliciclastic reservoirs and documented in numerous studies (for overviews see, e.g., Miall and Tyler, 1991; Bryant and Flint, 1993) . By contrast, quantitative data of carbonate bodies on the reservoir scale are comparably scarce so far (e.g., Handford, 1988; Burchette et al., 1990; Grant et al., 1994; Harris and Kowalik, 1994; Borgomano et al., 2002; Grammer et al., 2004; Ruf and Aigner, 2004; Rankey et al., 2006; Aigner et al., 2007; Qui et al., 2007) . Integrated with subsurface studies (e.g., Kerans et al., 1994) , outcrop analogs are of increasing interest because they can significantly improve exploration strategies and field development plans.
of carbonate outcrops, the Triassic carbonate platforms of the Dolomites, and the insistent problem of their dolomitization.
Outcrop analogs allow a detailed determination and evaluation of different scales of heterogeneities in more than one dimension by providing both geometrical (e.g., Burchette et al., 1990; Gawthorpe and Gutteridge, 1990; Azerêdo, 1998) and petrophysical data (e.g., Senger et al, 1991; Eisenberg et al., 1994; Cavallo and Smosna, 1997) . This is particularly important in defining reservoir variability on the interwell scale.
Within the context of the GECO (geology for an economic sustainable development) project, a joint Eni E&P-University research consortium on the geometry of carbonate objects, Triassic upper Muschelkalk carbonates in the south German Basin were studied as an analog to the layer-cake-type reservoir systems in the Middle East. The upper Muschelkalk represents a gently inclined carbonate ramp, filling an epicontinental basin, and therefore represents an analog to an important type of nonreefal skeletal and oolitic carbonate sand reservoir (e.g., Khuff, Hanifa, Arab formations in the Middle East).
Exposures in numerous quarries and natural outcrops in southern Germany preserve the geometries within high-energy shoal-water deposits along the margin of the upper Muschelkalk Basin. In some areas, the dense occurrence of both artificial and natural outcrops allows for lateral tracing of beds and mapping of lateral facies transitions. Moreover, a century of detailed logging and mapping by previous workers (e.g., Wagner, 1913; Vollrath, 1938 Vollrath, , 1955 Vollrath, , 1957 Vollrath, , 1958 Vollrath, , 1970 Skupin, 1969; Geyer and Gwinner, 1991; Bachmann, 1973; Aigner, 1985; Ockert, 1988; Hagdorn and Simon, 1988; Braun, 2003) has resulted in a well-constrained litho-and biostratigraphic framework. This well-established stratigraphy provides the opportunity to transform the so far mostly descriptive picture into a genetic, process-based analysis of the sedimentary bodies and packages.
The purpose of this study is a detailed analysis of the evolution, anatomy, sedimentology, and petrophysical characteristics of the skeletal and oolitic carbonate sand bodies following a simple one-(1-D) to two-(2-D) to three-dimensional (3-D) workflow. To link the study directly with the subsurface, all data are compiled in a virtual high-resolution 3-D reservoir model, supplemented by well (e.g., cores and wire-line logs from shallow boreholes) and petrophysical data (poroperm data and outcrop gammaray [GR] logs). Apart from delivering geometrical and petrophysical parameters, this detailed model can be used to compare the impact of e.g., different data point densities, upscaling methods, and geostatistical models on the distribution of reservoir heterogeneities and the resulting fluid-flow performance.
GEOLOGICAL SETTING
The Triassic period in central and western Europe was characterized by the early disintegration and rifting of the Pangean supercontinent. This process led to regional crustal extension and induced subsidence of a complex network of grabens and troughs within the intracratonic Germanic Basin (Ziegler, 1990) (Figure 1 ).
During the Middle Triassic, the basin was covered by an epicontinental sea, extending roughly from Poland to the North Sea and from the Alpine foothills to Denmark.
The Muschelkalk carbonates and evaporites were deposited in a semienclosed marginal sea, separated by the Vindelician-Bohemian Massif from the open Tethys Ocean in the southeast. Temporary connections existed only through three narrow, temporarily shifting seaways ( Figure 1A , B) (Ziegler, 1990; Dercourt et al. 1993 ). The German Muschelkalk Group is subdivided into the three subgroups: the lower, middle, and upper Muschelkalk (Figure 2 ). Carbonate production dominated during the marine ingressions in the lower and upper Muschelkalk, whereas evaporites were deposited during limited connections to the Tethys in the middle Muschelkalk. The fully marine carbonates of the upper Muschelkalk succession (middle to late Ladinian) represent one overall transgressive-regressive third-order relative sea level cycle (Aigner, 1985) . The transgressive part is characterized by an overall fining-upward sequence of crinoidal and shelly shoal-water carbonates developing into muddy carbonates and marlstones. The upper regressive section appears as an overall coarsening-upward sequence, grading from the muddy sediments around maximum transgression into shelly and oolitic shoal carbonates and backshoal sediments. The boundary between the Muschelkalk and the overlying, mainly siliciclastic Keuper is interpreted as a sequence boundary (Aigner et al., 1999) .
Laterally, five major facies belts can be distinguished in the upper Muschelkalk: (1) a narrow zone of coastal siliciclastics, (2) an irregular backshoal zone dominated by (partly dolomitized) peloidal mudstones and wackestones, (3) a highenergy belt of skeletal and oolitic packstones to grainstones, (4) shallow-ramp sediments dominated by skeletal storm sheets, and (5) a deeper ramp characterized by mud-and marlstones.
STUDY AREA AND METHODS
The study area is located in the southwest German Hohenlohe area, where shoal complexes of the upper Muschelkalk are exposed in numerous quarries and natural outcrops (Figure 3 ). Because the relatively clean shoal-water carbonates are a major target for raw material production, the closest spacing of quarries and therefore the highest data density occur in the areas with the thickest shoals. The dense occurrence of quarries together with natural exposures along river gorges allows a lateral tracing of beds and facies transitions. Several borehole cores (Hagdorn and Simon, 1988) . (B) Muschelkalk paleogeography of central Europe modified from Ziegler (1990) and .
and wireline logs, provided by the quarry industry and by water exploration, enhance the data density and provide a direct link to the subsurface.
The study is based on sedimentological logs of quarries and natural outcrops supplemented by cores, GR logs, several hundred hand specimens, and 451 thin sections.
Twenty-five quarry sections and cores (total of 1076 m [3530 ft]) were logged in detail. However, several studies on the upper Muschelkalk have been conducted in recent decades that generated substantial amounts of data. These range from detailed lithological logs (e.g., Hagdorn and Simon, 1988; Simon, 2003) and wireline logs (GR, resistivity), to sedimentological and petrophysical logs, generated by recent workers in the Sedimentary Geology Group of the University of Tübingen (Aigner, 1985; Kostic, 2001; Ruf, 2001; Braun, 2003; Allgöwer, 2006; Dmitrieva, 2006; Looser, 2006; Seyfang, 2006; Zeller, 2008) . Thus, 31 additional outcrop logs from previous investigations (711 m [2333 ft]) were integrated in this study. To obtain a consistent data set, all data were checked for consistency and digitized.
Quarries and borehole cores were logged in detail according to lithology, Dunham texture, particle size, components, sedimentary structures, and porosity. Samples were extracted to prepare thin sections, polished slabs, and plug samples for facies and petrophysical investigation. Intervals with visible porosity were particularly densely sampled to obtain quantitative petrophysical data. Parallel to the sedimentological logging, the natural outcrop gamma radiation was measured on clean outcrop walls with a portable GR spectrometer (Figure 4) . The device records counts per second (cps) after measuring the total counts within a distinct time window. The time interval chosen was 10 s, and the vertical sampling rate was 10 cm (4 in.).
Furthermore, up to 35-m (115-ft)-deep explosive charge holes, drilled a few meters behind the outcrop wall, allowed open-hole GR measurements with a wireline logging tool. This device records cps within the minimum sampling interval of 200 ms, the logging speed ranged between 2 and 4 m (6 and 13 ft) per minute. In total, four logs were recorded for each borehole (two logs downhole, two logs uphole).
Three-dimensional geological modeling was conducted with a standard 3-D software package; the detailed modeling workflow is described below. 
LITHOFACIES
Based on previous studies in the upper Muschelkalk (Aigner, 1985; Braun, 2003) , we used the epeiric carbonate ramp model, which is characterized by a very gentle depositional gradient ( between 0.002 to 0.3°, see also Burchette and Wright, 1992) . The carbonate ramp can be subdivided into three major subenvironments ( Figure 5 ): (1) low-energy inner ramp or backshoal, (2) high-energy midramp with carbonate sands in shoreline detached shoals, and (3) low-energy outer ramp or foreshoal with mud-dominated successions. Within these subenvironments, 14 lithofacies types could be distinguished.
For the classification of the upper Muschelkalk lithofacies types, the Dunham texture, sorting, sedimentary structures, and the rock composition were recorded, including environment-indicative allochems, such as e.g., ooids, oncoids, and black pebbles.
Inner Ramp Backshoal Facies
Lithofacies Type 1a Bioturbated peloidal wackestones to packstones occur in heterolithic horizons that are several decimeters to a few meters thick and have sometimes slightly dolomitized grayish limestone nodules with fecal-pellet-rich wackestone to packstone texture. The nodules are commonly separated by thin dark-gray marl drapes with microstylolitic seams. Other common components are black debris and shell fragments of bivalves, gastropods, and ostracods. Apart from some Teichichnus burrows, intensive but undefinable bioturbation is common.
Interpretation: The abundance of fecal pellets combined with strong bioturbation indicates an intense activity of sediment-feeding organisms within a sheltered setting. The nodular bedding style is interpreted as a combination of bioturbation and diagenetic overprinting recognized by microstylolitic seams (Aigner, 1985) . The sometimes slightly dolomitized, bioturbated wackestones to packstones with ostracod shells and black debris are well known from other studies (e.g., Strasser and Davaud, 1983; Tucker and Wright, 1990 ) and interpreted as sheltered shallow lagoonal deposits.
Midramp Shoal Facies
Lithofacies Type 2a Oncolitic wackestone to packstones commonly form continuous beds of beige to light-gray limestone that are a few decimeters thick and in rare cases occur as channel deposits. They generally show a wackestone to packstone texture, which can be interrupted by thin grainstone streaks. Characteristic components are oncoids of asymmetric shape, which are commonly associated with coated grains, intraclasts, ooids, black debris, and shells, which are surrounded by micritic envelopes. Oncoid nuclei are typically shells or intraclasts, which commonly show borings. Sorting is generally poor. Occasionally observed sedimentary structures are low-angle or trough cross-bedding and undefined bioturbation of variable intensity ( Figure 6 ).
Interpretation: Oncoids and micritic envelopes are interpreted as products of microbial growth, indicating relatively shallow-water conditions within the photic zone. Bored cores, poor sorting, and asymmetrical shape of the oncoids, commonly combined with a packstone texture, point to a relatively sheltered setting. Grainstone streaks and occasional channel structures indicate temporary interruptions by high-energy events. The combined features suggest that oncolitic packstones to grainstones were deposited as event sheets or channel deposits within a shallow, near-shoal to lagoonal setting.
Lithofacies Type 2b
Bioturbated peleo-oolitic packstones are yellowish beige to light-gray limestones, which form beds up to several decimeters thick. The characteristic packstone texture is interrupted in places by thin grainstone streaks. Main components are ooids and peloids associated with coated grains and a minor amount of shell hash with micritic envelopes. Preserved physical sedimentary structures are rare because of commonly intense bioturbation. Relicts of cross-bedding sometimes are observed ( Figure 6 ).
Interpretation: Ooids, coated grains, and relics of cross-bedding indicate high energy and point to a proximal position toward a high-energy shoal complex. However, the dominating packstone texture and the high content of peloids combined with intense bioturbation suggest shoal abandonment in a relatively sheltered shoal to backshoal setting.
Lithofacies Type 2c
Cross-bedded oolitic grainstones occur as yellowish to grayish limestone beds several decimeters thick. They are commonly well sorted and low-to high-angle cross-bedded with graded sets that are a few centimeters thick. Ooids form the major part of the components, but they are typically associated with coated grains, skeletal debris, and shell hash with micritic envelopes. The typical grainstone texture is sometimes interrupted by thin packstone streaks. Amalgamated horizons are commonly composed of several beds with erosive bases or thin channels ( Figure 6 ).
Interpretation: Ooids combined with other highenergy indicators like the typical grainstone texture and cross-bedding point to high-energy hydrodynamic conditions. Good sorting, erosion, channel structures, and missing bioturbation indicate extensive reworking and low accommodation. Recent marine ooids and coated grains (e.g., Bahamas, Persian Gulf ) are typically produced in shallow-water shorefaces or detached shoal settings. According to the observed features, the cross-bedded oolitic grainstones of the upper Muschelkalk are interpreted as the central part of an energy absorbing shoal complex.
Lithofacies Type 2d
Well-sorted packstones to grainstones are very similar to the cross-bedded oolitic grainstones described above in terms of color, sedimentary structures, and bed thickness. However, fewer ooids are present, and the facies is dominated by well-sorted coated grains, shell hash with micritic envelopes, or rounded crinoid ossicles in a packstone to grainstone texture ( Figure 6 ).
Interpretation: Because of the higher content of skeletal debris, which sometimes contains remains of sensitive organisms like the stenohaline crinoids, well-sorted packstones to grainstones are interpreted as a probably slightly seaward oriented extension of a high-energy shoal body.
Lithofacies Type 2e
Bioclastic packstone to grainstones form decimeterto meter-thick beige to light-gray beds. They are mainly formed by poorly sorted skeletal debris such as mollusk shells and crinoid ossicles. Sometimes faint low-angle cross-bedding is visible, characterized by an alternation of centimeter-thick micrograded sets of skeletal packstones and oolite-dominated grainstone streaks ( Figure 6 ).
Interpretation: The higher amount of carbonate mud and poorly sorted skeletal debris can be explained by a more sheltered or deeper position compared to the central shoal body. However, it is commonly difficult to differentiate between foreshoal and backshoal deposits. Generally, the low-angle laminated packstones to grainstones are interpreted as the proximal fringes of an energy absorbing shoal body.
Lithofacies Type 2f
Crinoidal packstones to grainstones are a particular variation of lithofacies type 2e but predominantly composed of crinoid ossicles. Both facies types are very similar in color, thickness, sedimentary structures, etc. and are interpreted to be deposited under similar conditions. However, crinoidal packstones to grainstones occur only in a distinct stratigraphic interval recording overall transgression (see below) ( Figure 6 ).
Lithofacies Type 2g
Massive amalgamated skeletal packstones occur as beds that are several decimeters thick or amalgamated bodies that are up to a few meters thick. Individual beds are commonly gray, often normally graded, and separated by erosive contacts from each other. Dewatering and umbrella structures are common features, and hummocky crossbedding is observed in places. The packstones are commonly composed of mollusk shells and other skeletal fragments with small amounts of ooids and coated grains ( Figure 6 ).
Interpretation: The sedimentary structures indicate rapid sedimentation during temporary highenergy events. Common amalgamation and the minor presence of ooids and coated grains point to reduced accommodation conditions and proximity to the shoal body. Therefore, the facies is interpreted as relatively proximal offshoal tempestites within the transition between mid and deeper ramp.
Foreshoal Outer-Ramp Facies

Lithofacies Type 3a
Intraclastic packstones form up to 40-cm (16-in.)-thick beds, which are commonly graded and hummocky cross-bedded. They contain, apart from shells and skeletal debris, intraclasts, which can reach several centimeters in size. These intraclasts are commonly surrounded by black Mn-Fe crusts with borings.
Interpretation: Intraclastic packstones are interpreted as high-energy tempestites. However, the Fe-Mn crusts and borings around the intraclasts point to longer periods of sediment starvation. This could be either an indicator for a special stratigraphic surface (such as a flooding surface) or a specific depositional environment (e.g., the top of isolated paleohigh).
Lithofacies Type 3b
Graded skeletal wackestones to packstones are commonly up to a few decimeters thick and exhibit normal grading. Overlying the erosive base is a shell lag and skeletal debris with a characteristic packstone texture, grading upward into siltstone, commonly wave rippled or hummocky cross-laminated skeletal debris.
Interpretation: These beds were intensively studied by Aigner (1985) who interpreted them as tempestites deposited in the transitional zone between deep and mid ramp.
Lithofacies Type 3c
Crinoidal mounds and crinoidal debris are mainly composed of crinoid debris and shells forming wackestone to packstone patches or wedges. They are separated from each other by thin marl drapes and organized in flat meter-size mounds. Crinoid ossicles and holdfasts of Encrinus liliformis are the dominant component and appear commonly articulated. The crinoid ossicles are sometimes covered by thin Mn-Fe crusts and may show borings.
Interpretation: Articulated crinoid ossicles and holdfasts point to a predominantly autochthonous production of the skeletal components. The muddy matrix reflects a relatively low-energy setting, whereas the Mn-Fe crusts and borings are indicative of a low sedimentation rate. As stenohaline animals, the crinoids indicate an open-marine environment. The crinoidal mounds are interpreted as small bioherms growing on the deeper seaward flank of the carbonate ramp.
Lithofacies Type 3d
Laminated calcisiltites comprise stacks of thin, up to 1-dm-thick beds of predominantly lutitic to siltitic grain size. The individual beds are commonly graded and are mostly composed of low-angle or microhummocky cross-bedded skeletal debris. Small shells or other skeletal fragments can sometimes be observed around their slightly erosive bases, whereas the tops are sometimes wave rippled and bioturbated.
Interpretation: Graded bedding, erosive bases combined with wave ripples, and microhummocky cross-stratification are indicative of storm deposits. The fine grain size indicates a relatively deep lowenergy setting and implies that laminated calcisiltites are most probably distal tempestites.
Lithofacies Type 3e
Bioturbated mudstones can appear in several variations either as thin irregular wavy beds separated by thin marl drapes or as massive nodular horizons up to a few meters thick. Both forms commonly show the bioturbation of various intensities and only a minor proportion of distinct burrows or feeding traces. Recognized ichnofossils are chondrites, burrows that are typical for dark-gray mudstones where Rhizocorallium and Teichichnus spreiten can be found in the lighter ones.
Interpretation: The dominance of clay and lutitic components indicates a calm low-energy setting mainly characterized by settling of fines from suspension and background sedimentation. Bioturbated mudstones are interpreted either as lowenergy deep-ramp deposits with strongly varying oxygenation or as sheltered lagoonal deposits distinguishable by associated facies types and the ichnofossil assemblage.
Lithofacies Type 3f
Laminated marlstones are horizontally laminated marlstone horizons up to several decimeters thick and have intercalated light-gray limestone nodules. Ceratitic ammonoids or articulated brachiopod shells are common associated fossils. The color of the marlstones may vary between dark gray and black. Black marlstones are generally free of traces of bioturbation and commonly contain pyrite, whereas the lighter marlstones are sometimes bioturbated, exhibiting the Chondrites trace fossils.
Interpretation: The parallel lamination and the predominantly clay and lutitic components indicate a calm low-energy setting mainly characterized by suspension settling. The ichnofossil Chondrites is indicative of dysaerobic conditions, whereas pyrite mineralization and the absence of bioturbation may indicate anaerobic conditions. The presence of ammonoids and articulated brachiopods point to an open-marine, deeper ramp depositional environment.
ONE-DIMENSIONAL SEQUENCE ANALYSIS Approach
Cyclic patterns are ubiquitous in the sedimentary record of most epeiric carbonate successions and are also apparent in the Muschelkalk. This study provides a genetic and process-based interpretation of cyclicity, building on a well-constrained litho-and biostratigraphic framework established over more than 100 yr of previous research (e.g., Wagner, 1913; Vollrath, 1938 Vollrath, , 1955 Bachmann and Gwinner, 1971; Hagdorn and Simon, 1988; Urlichs and Mundlos, 1990; Geyer and Gwinner, 1991; Bachmann and Brunner, 1998; Urlichs, 2006) .
We used the approach of stratigraphic base level, first established by Wheeler (1964) and further developed by the Genetic Stratigraphic Research Group at the Colorado School of Mines (e.g., Cross et al., 1993; Homewood et al., 2000) , in particular by introducing the concept of facies partitioning, which can be clearly recognized in this study.
Three main temporal and spatial scales of baselevel cycles are observed within the upper Muschelkalk, defined as large-scale, medium-scale, and small-scale cycles. The cycle boundaries of mediumscale cycles coincide in many cases with the ammonoid biozones (ceratites) established by previous studies. The threefold hierarchy of cycles builds a complex but systematic stacking pattern.
Large-Scale Cycle and Overall Stacking Pattern
Microbial dolomites of the uppermost middle Muschelkalk are overlain by heavily bioturbated peloidal wackestones to packstones and up to 1-m (3-ft)-thick ooidal packstones to grainstones, forming the base of the upper Muschelkalk. They are followed by an alternation of poorly sorted, commonly porous crinoidal packstones to grainstones with intercalated crinoidal bioherms and their debris. Basinward, these beds interfinger with a sequence of black marlstones and limestones to calcareous mudstones with intercalated skeletal storm lags, containing mainly crinoidal debris and brachiopods.
Viewing the entire vertical succession of the upper Muschelkalk in outcrops, cores, and wireline logs, one of the most apparent observations is the systematically increasing clay content toward the middle part. It has its maximum around the prominent regionally traceable marlstone horizon beta 2. The middle part of the upper Muschelkalk consists mainly of dark marlstones and limestones to calcareous mudstones with intercalated skeletal storm sheets (tempestites) and shows the widest aerial extension of marine facies (Kozur, 1974) . Upward, the frequency and thickness of the marlstone beds decrease systematically. The upper part of the upper Muschelkalk is characterized by the absence of crinoids and crinoidal shoals. In contrast, skeletal and oolitic carbonate shoal bodies occur, which show a high diversification in their composition, texture, and sorting.
Medium-and Small-Scale Cycles
Medium-scale cycles form very obvious units in the upper Muschelkalk. Their character and development are strongly dependent on the associated facies types, and they typically range from about 5 to 13 m (16 to 43 ft) in thickness. The cycle boundaries of medium-scale cycles coincide in many cases with the ammonoid biozones (ceratites), established by previous studies. Particularly in the uppermost and lowermost parts of the upper Muschelkalk, the medium-scale cycles are relatively thin and some may be not identifiable in marginal parts. Nevertheless, most of cycles are traceable on a regional scale.
Several styles of cyclicity can be distinguished, each of which is typical for particular stratigraphic settings and units of the upper Muschelkalk. These so-called cyclicity styles are reflected in part to the long-established major lithostratigraphic subdivisions of the upper Muschelkalk (e.g., Wagner, 1913; Hagdorn and Seilacher, 1991) and are described below in detail.
In vertical successions, the medium-scale cycles are quite variable in thickness and facies, reflecting significant changes of base level. Laterally, medium-scale cycles also show strong variations in facies. Therefore, because an ideal cycle does not exist and some cycles may be hidden in surfaces or amalgamated units, their exact identification is commonly only possible if the regional context is considered. As a consequence, the correlation and the identification of cycles are iterative processes. The established high-resolution biostratigraphic framework provides an additional constraint for the identification of isochronous medium-scale cycles and their lateral changes.
Small-scale cycles are smaller building blocks of the upper Muschelkalk. Being stacked to form medium-scale cycles, they reflect progressively the larger scale trends by punctuated pulses. Their thickness typically ranges from several decimeters to a few meters. Despite their pronounced lateral continuity along hundreds or even thousands of meters, their thickness may be variable on a regional scale. Particularly, small-scale cycles composed of high-energy and low-accommodation facies types, which include most of the reservoir facies, tend to display strong lateral variations in thickness. Smallscale cycles may in cases also be hidden in surfaces and are sometimes difficult to identify in single sections. Therefore, cycle delineation was conducted by examining their lateral development on the scale of at least a few kilometers, as well as in the general framework of medium-and larger scale cyclicity. However, small-scale cycles composed of facies types indicating lower depositional energy and high accommodation show a higher lateral continuity and can be easily traced on a regional scale.
In the following, the stratigraphic cyclicity is not described using the ideal cycle approach but instead in a series of cyclicity styles depicting the spectrum of different development in mediumscale cycles.
Transgressive Crinoidal Shoal Cycles
Transgressive crinoidal shoal cycles compose the relatively thick middle part of the large-scale transgressive hemicycle (Figure 7) .
Thickness: Medium-scale cycles of this type range from 3 m (10 ft) in basinward sections to 10 m (33 ft) in marginal positions. Constituent small-scale cycles are several decimeters to a few meters thick, depending also on the associated facies types.
Medium-scale regressive hemicycle: In midramp sections, basal crinoidal mounds or debris facies grade progressively upward into skeletal packstones to grainstones up to 8 m (26 ft) thick. Basinward, basal argillaceous crinoidal sheets grade upward into massive amalgamated packstones. The maximum regression is generally indicated by the highest depositional energy, characterized by grain size, texture, sorting, and high visual porosity.
Medium-scale transgressive hemicycle: The transgressive hemicycle is generally marked by a systematic upward reduction of depositional energy indicated by an increasing amount of crinoidal mounds and crinoidal debris, skeletal sheets, and marlstones. The energy minimum is generally marked by dark marlstones with high GR readings and limestones to calcareous mudstones. Particularly in marginal sections, the shaley intervals are sometimes replaced by bored hardgrounds.
Cycle geometry: The medium-scale cycles exhibit relatively regular shapes. Basinward sections tend to have thicker transgressive hemicycles, whereas marginal sections show slightly thicker regressive hemicycles. Small-scale cycles tend to be asymmetrically developed, reflecting the superimposed trends of the medium-scale cycles. In midramp sections, small-scale rises are commonly missing or concealed because of amalgamation. Skeletal Sheet Cycles Skeletal sheet cycles occur mainly above and below the maximum flooding interval during the late large-scale transgressive and early regressive middle part of the upper Muschelkalk (Figure 8) .
Thickness: Medium-scale cycles of this type show laterally a relatively constant thickness, ranging from 4 to 7 m (13 to 23 ft). Their component small-scale cycles are commonly around 1 to 3 m (3 to 10 ft) thick and laterally also fairly constant in thickness.
Medium-scale regressive hemicycle: The regressive hemicycle is commonly marked by marls and mudstones at the base, with an upward increasing amount of thin calcisiltites and skeletal sheets. In basinward sections, the energy maximum is reached around the thickest of a series of skeletal sheets. In marginal sections, the maximum is generally indicated by intraclastic packstone beds with a thickness of a few decimeters. Several-decimeterthick packstone to grainstone bodies with porosity are an exception and occur only in one characteristic stratigraphic marker bed named Spiriferina Bank, which shows strong lateral variations in thickness and facies.
Medium-scale transgressive hemicycle: The transgressive hemicycle is indicated by a systematic upward reduction of depositional energy displayed by a decreasing amount of skeletal sheets and the increase of marl-and calci-mudstones. The energy minimum is marked by dark marlstones that are up to several decimeters thick and have high GR readings.
Cycle geometry: The medium-scale cycles have a generally more symmetrical shape. Systematic differences between basin and marginal sections were not observed. Reflecting the superimposed trends of the medium-scale cycles, small-scale cycles tend to have a more asymmetrical development.
Oolitic Shoal Cycles
Oolitic shoal cycles compose the relatively thick middle part of the large-scale regressive hemicycle (Figure 9) .
Thickness: Medium-scale cycles of this type range from 2 to 6 m (6 to 20 ft) and vary laterally in thickness and facies composition. Component small-scale cycles are commonly several decimeters to a few meters thick. Toward the basin margin, small-scale cycles are commonly amalgamated.
Medium-scale regressive hemicycle: The regressive hemicycle is generally characterized by a complex facies arrangement and a high diversity, vertically and laterally. The facies make-up is variable and strongly dependent on the stratigraphic and the paleogeographic position. Basinward sections show relatively regular trends in vertical facies arrangement. They consist of marls and mudstones at the base followed by an upward-increasing frequency of skeletal sheets, grading into massive amalgamated skeletal packstones and packstones to grainstones. The regressive maximum is interpreted at the top of the bed indicating the highest depositional energy. Marginal sections are commonly composed of backshoal or lagoonal facies types. Their base starts with the most distal facies. These are commonly facies types indicating high depositional energy like grainstones, peloidal-oolitic packstones, or oncolites. The upward development is characterized by a decrease in depositional energy, marked by massive, strongly bioturbated peloidal wackestones and packstones. Irregular intercalations of facies types indicating higher depositional energy are quite common. The regressive maximum is sometimes indicated by thin marlstone beds but mostly hidden within massive bioturbated wackestones. In backshoal settings, the exact delineation of small-scale cycles is commonly difficult. The thickest development of shoal bodies, but also the fastest lateral changes in thickness and facies, is observed in the shoal complexes between the lagoonal facies belt and the foreshoal facies belt. Within these shoal complexes, the cyclicity is characterized by a rapid upward increase in depositional energy: thin mudstones and skeletal sheets grade into thick amalgamated skeletal and oolitic packstone to grainstone complexes, sometimes overlain by oncolitic packstones. However, the regressive maximum is not necessarily marked by the bed indicating the highest depositional energy, but by the most proximal facies type, e.g., bioturbated peloidal wackestones.
Medium-scale transgressive hemicycle: The transgressive hemicycle shows a thinner development and is sometimes missing. Skeletal sheets . Regressive oolitic shoal cyclicity style illustrated by two medium-scale cycles of three representative logs and one cross section displaying the lateral facies distribution. The cycles show a high diversity and strong variations of facies both laterally and vertically. Highenergy facies types become progressively patchier and thinner toward the marginal sections (right), reflecting the decreasing accommodation along the depositional gradient. Shoal bodies in more distal sections (left) are relatively thick and occur preferably around maximum regression, whereas thin shoal bodies in proximal lagoonal sections were mostly deposited around maximum transgression. GR = gamma ray; cps = counts per second; W = wackestone; P = packstone; G = grainstone; M = mudstone; L, M, S = large, medium, small scale; Pelo = peloidal. See Figure 3 for location of cross section.
and mudstones overlying the shoal facies indicate a fast upward reduction of depositional energy. The transgressive maximum is generally marked by mudstones, marlstones, or hardgrounds. In contrast to the fall, the rise hemicycle is characterized by a higher lateral continuity and smaller facies diversity. The accurate recognition of small-scale transgressive hemicycles may be ambiguous.
Cycle geometry: Medium-and small-scale cycles tend to have an asymmetrical, fall-dominated development. Following the medium-scale trends, small-scale cycles are generally strongly asymmetric. Within large-scale regressive trends, transgressive hemicycles are commonly strongly reduced or missing.
Low-Accommodation Cycles
Low-accommodation cycles compose the lowermost and the uppermost part of the upper Muschelkalk during initial large-scale transgression at the base and late large-scale regression at the top (Figure 10) .
Thickness: Medium-scale cycles of this type are laterally highly variable and sometimes wedge out laterally on a regional scale. Their thickness ranges commonly around 1 m (3 ft). Component small-scale cycles are not resolvable in most cases.
Medium-scale regressive hemicycle: The regressive hemicycle is mostly not developed, particularly in the lowermost cycles. If developed, the falls are commonly represented by several-decimeter-thick oolitic grainstones, overlying some thin skeletal packstone to grainstone beds, characterized by a rapid upward increase of depositional energy.
Medium-scale transgressive hemicycle: The transgressive hemicycle is indicated by strongly bioturbated wackestones, with sometimes intercalated packstones and/or oolitic packstones to grainstones at the base. The energy minimum is commonly hidden in amalgamated bioturbated skeletal wackestones to packstones but sometimes marked by thin marlstone beds. The bioturbated wackestones to packstones are very characteristic and the most commonly occurring facies type, traceable on a regional scale. In contrast, the intercalated highenergy facies types are laterally highly variable on the scale of a few kilometers.
Cycle geometry: The cycle geometry is generally represented by well-developed transgressive and thin or missing regressive hemicycles.
TWO-DIMENSIONAL CORRELATION Local Correlation: Outcrop Wall Panels
Several laterally extensive outcrop walls were mapped in terms of facies distribution, one of which is discussed below. The wall panels were produced by laterally tracing beds and facies bodies, identified in vertical sedimentary logs and outcrop GR, in the field and on a series of merged outcrop wall photographs.
Wall panel Neidenfels (Figure 11 ): This wall panel depicts the facies distribution of the upper regressive half of the upper Muschelkalk along a distance of 600 m (1968 ft). The wall panel shows a pronounced vertical subdivision in (1) a lower part dominated by foreshoal sediments like lime mudstones and marlstones with intercalated skeletal storm sheets and (2) an upper part mainly composed of bioturbated backshoal sediments. Both parts are separated by a thin shoal body.
The lateral facies changes are very subtle, and only minor differences in bed thickness were observed. Even thin, decimeter-thick skeletal sheets are traceable over the entire distance of the quarry but may show very subtle pinching and swelling.
Regional Correlation
The upper Muschelkalk carbonate is commonly regarded as a layer-cake system, reflected by the high lateral continuity of lithologic units and marker beds on outcrop (10-100 m [33-328 ft]) and near well scale (100-1000 m [328-3281 ft]). On field scale (1-20 km [0.6-12 mi]), the larger scale cyclicity can commonly be traced with minor variations in the GR signature (Borkhataria, 2004) . However, particularly the shoal facies bodies may show complex variations as documented by Braun (2003) , Ruf and Aigner (2004) , and Aigner et al. (2007) . For a realistic description of facies body geometries, our correlation aims to follow the timelines Figure 10 . Four medium-scale cycles in two representative sections and one cross section displaying the lateral facies distribution. The cycles show a strong rise-dominated, asymmetric development, indicative for a low-accommodation setting. The patchy and mosaiclike distribution of facies is a result of strong volume partitioning. Thin patches of shoal facies might represent spillover lobes or shallow channels induced by storm events. Because of strong amalgamation, small-scale cycles are hardly resolvable. GR = gamma ray; cps = counts per second; W = wackestone; P = packstone; G = grainstone; M = mudstone; L, M, S = large, medium, small scale; Pelo = peloidal. See Figure 3 for location of cross section. of the upper Muschelkalk paleolandscape. Therefore, stratigraphic cycles and their turnarounds are used as the main tool for a consistent sequencestratigraphic correlation (Figures 12, 13) . Following this workflow of correlation, the resulting highresolution timelines showed subtle dip angles of 0.01-0.001°, suggesting some offlap and subtle clinoforms: the layer cake turned out to be a pseudolayer cake (Figure 12 ).
1. Correlation of the largest cycle scale and datum selection: Tonhorizont b2, the candidate interval for maximum flooding in the upper Muschelkalk large-scale cycle is easy to recognize in outcrops, cores, and wireline logs. The decimeter-thick marlstones form prominent peaks in wireline logs and are traceable in outcrops on a regional scale. Because of this high lateral continuity, it was used as datum in correlation panels. The base of the upper Muschelkalk is marked by an abrupt lithology change from dolomite to limestone. The basal limestone consists of skeletal peloidal wackestones to packstones with a high amount of black debris and sometimes large intraclasts, indicating erosion, and a transgressive surface. The top of the upper Muschelkalk is marked (regionally) by a slight angular unconformity ( Wagner, 1913) , which is interpreted as a top sequence boundary (Aigner and Bachmann, 1993) . Appearing conformable in single outcrops, the sequence boundary is overlain by a bone bed (Grenzbonebed) up to 30 cm (12 in.) thick. 2. Correlation of medium-scale cycles: Following the identification of the large-scale cyclicity, the medium-scale cycles were correlated. The correlation started with the skeletal sheets cycle types of the middle part, the cyclicity style that is most easily traceable on a regional scale. The next step was the correlation of the transgressive crinoidal shoal and the regressive oolitic shoal cycle types. The consistent correlation of these cycles is more difficult because lateral facies changes are very pronounced. Finally, the comparably thin low-accommodation cycle types of the lowermost and uppermost part of the upper Muschelkalk were correlated. As a last step, the correlation of the medium-scale cycles had to be cross-checked with the ammonoid biozones of the established biostratigraphic framework. 3. Correlation of small-scale cycles: The correlation of small-scale cycles is an important step to quantify the exact reservoir body geometries. Outcrop wall mapping conducted in this study confirmed that small-scale cycles are highly continuous along several hundreds of meters to a few kilometers, depending on the regional position, the associated facies, and the stratigraphic position (cf. Braun, 2003; Prousa, 2003; Kostic and Aigner, 2004) .
Correlation: Synthesis
The term "cyclicity style" (CST) is used to describe the 2-D development of small-to medium-scale cycles and resulting facies distribution along the depositional dip direction by detailed correlations. The cyclicity style approach is used to depict fundamental stratigraphic building blocks of the upper Muschelkalk and the spectrum of hierarchically organized lateral and vertical variations of cycles and facies. Generally, high-energy shoal facies types occur preferably in and around areas with a reduced overall thickness of the upper Muschelkalk, whereas areas with a thicker development are dominated by low-energy, muddy facies types and thick marlstone horizons.
CST 1: Transgressive Crinoidal Shoals
Transgressive crinoidal shoals (Figure 7 ) represent the middle part of the large-scale transgressive interval. Toward the basin fringe and in areas with a reduced overall thickness of the upper Muschelkalk, the cyclicity style is characterized mainly by porous packstones to grainstones and crinoidal mounds and crinoidal debris facies types. Toward the depocenter, the facies get successively more mud dominated: thin marlstone streaks develop into thick marlstone horizons. Their clay content represents the major clastic sediment supply, interpreted to be trapped in the deeper parts of the basin. Therefore, the bioherms might have grown preferably on slightly elevated positions, sheltered from the clastic supply. Furthermore, the associated packstones to grainstones indicate high depositional energy and reduced accommodation because of shallow water. A possible explanation for the association between bioherms and crinoid shoals might be that the intense growth of the bioherms produced a subtle relief, which received more depositional energy from storms and waves, particularly during regressive phases. Consequently, crinoidal grainstones accumulated, reinforcing the paleotopography and after shoal abandonment, providing more settling grounds for renewed growth of crinoidal bioherms.
CST 2: Skeletal Sheets Skeletal sheets (Figure 8 ) represent the middle part of the upper Muschelkalk around the maximum flooding interval. The generally high lateral continuity of both large-and medium-scale cycles indicates similar conditions of accommodation and sediment supply over large areas. This implies a relatively uniform and flat depositional environment with relatively high accommodation. However, a few differences were observed; e.g., slightly thicker intraclastic packstones occur preferentially in or around marginal positions and areas with a reduced overall thickness of the upper Muschelkalk, indicating higher depositional energy and lower accommodation in these areas.
CST 3: Regressive Oolitic Shoals
Regressive oolitic shoals (Figure 9 ) compose the dominant middle part of the large-scale regressive hemicycle. The decrease in accommodation during medium-scale regressions results in pronounced lateral thickness and facies variations (facies partitioning). Accordingly, because of the increase of accommodation, the medium-scale transgressive intervals are laterally more constant in thickness and facies. In contrast, the geometries and distribution of the regressive oolitic shoal bodies are more complex compared to the transgressive crinoidal ones. Decreasing accommodation during the mediumscale regressive intervals leads to more reworking and favors the amalgamation of small-scale cycles and high-energy facies types. This might be a reason why thick, amalgamated, and thus vertically connected shoal bodies developed preferentially within medium-scale falls.
The cycles show a high diversity and strong variations of facies both laterally and vertically. High-energy facies types become progressively patchier and thinner toward the inner ramp sections, reflecting the decreasing accommodation along the depositional gradient. Also in this case, the accommodation trend follows the overall thickness of the entire succession. However, within the overall regressive conditions, marginal areas and areas with a reduced overall thickness show patchy, low-accommodation lagoonal facies types, whereas the thick oolitic shoal bodies occur around these areas of reduced total thickness.
Shoal bodies in midramp sections are relatively thick and occur preferably around maximum medium-scale regression. In contrast, shoal bodies in proximal lagoonal sections are relatively thin and occur mostly around maximum medium-scale transgression.
CST 4: Low Accommodation
The thinly developed medium-scale cycles, hardly resolvable small-scale cycles, and high-energy to lagoonal facies types, indicate a depositional environment with generally low-accommodation space (Figure 10 ). The lagoonal bioturbated wackestones to packstones appear both basinward and landward of the shoal bodies and are regionally traceable, thus foreshoal and backshoal facies could not always be clearly distinguished in the lowermost medium-scale cycles. Well-developed transgressive hemicycles and poor development or the absence of regressive hemicycles is an additional indicator for a low-accommodation setting. This strongly asymmetric, rise-dominated character indicates that sediment could only be preserved during phases of slightly increased accommodation.
3-D GEOLOGICAL MODELING
To capture the extraordinarily subtle geometries and thin-bedded nature of the upper Muschelkalk stratigraphic architecture, the geological modeling required an iterative workflow. We tested and refined it by constructing several first-pass pilot models with a limited amount of data. The final full-scale \model is based on 56 sections in an area of 26 Â 35 km (16 Â 22 mi).
After the successful transfer of the correlation lines, surfaces were generated from the correlation points. Initially created test models were affected by slight side effects caused by dipping surfaces in marginal regions of the 3-D grid with a low data point density. To avoid these edge effects, control points outside the actual model area were inserted.
Because structural modeling was not anticipated, the resulting grid is simple and does not contain faults. The gridding procedure was conducted in the following steps.
1. Skeleton grid creation: The simple grid has lateral cell dimensions of x = 400 m (1312 ft), y = 400 m (1312 ft) 2. Gridding: Vertical zone boundaries are defined by the correlated cycle surfaces 3. Layering: Each vertical zone (total 77) was subdivided into eight conformable layers (total 619), resulting in a grid with 3.5 million cells (average cell thickness: 0.11 m) 4. Facies modeling: Both the outcrop wall and the regional correlation panels showed a high lateral continuity of individual facies bodies. Kerans and Tinker (1997) recommended a deterministic modeling approach in carbonate settings where the well spacing is similar to or less than the minimum horizontal facies tract dimension (typically dip width). Modeling the facies distribution deterministically was one of the major challenges in this study. A major difficulty was the discrepancy between the high lateral (kilometer scale) and very low vertical (decimeter scale) facies continuity.
The studies of Ruf (2001), Allgöwer (2006) , Dmitrieva (2006) , Looser (2006) , Seyfang (2006) , and M. Zeller (2008, personal communication) also documented the lateral continuities of the facies bodies. The facies modeling, which represented the outcrop data best, was conducted using a facies transition simulation tool, which used a truncated sequential Gaussian simulation algorithm confined by lateral and vertical trends. However, this distribution method could not always match the data in detail. Therefore, to represent the outcrop observations in detail, a manual correction and quality control of the each individual layer have been conducted using the interactive facies modeling tool.
Full-Scale Facies Model: Reservoir Bodies
The numerical modeling exercise resulted in a detailed, high-resolution 3-D cube of the upper Muschelkalk (∼70 m [230 ft] in thickness) covering an area of 26 Â 35 km (16 Â 22 mi). The detailed modeling of all relevant facies types allowed new insights into the geometries of the shoal bodies.
When displayed without vertical exaggeration (Figure 14) , internal geometries or lateral facies changes are scarcely perceived and the upper Muschelkalk indeed appears as a simple layer cake. However, using a 200Â vertical exaggeration, geometries and lateral facies changes are clearly visible in the 3-D model (Figures 15-17) . The model supports the general subdivision of the upper Muschelkalk into cyclicity styles (CST), highlighting their variable architecture in three dimensions. Visual and measured porosity occurs exclusively in relative high-energy facies types with packstone or grainstone texture (e.g., Braun, 2003; Ruf and Aigner, 2004) , which are arranged as discrete shoal bodies. The shoal bodies are generally formed by a single set of depositional processes (Borgomano et al., 2001) and commonly surrounded by an envelope of muddy and tight foreshoal and backshoal facies types. Thus, they can be considered as discrete geological units (Borgomano et al., 2008) and as potential reservoir bodies within this study (Figure 18 ). The net-to-gross ratio (N/G) used here considers the net volume of the shoal bodies within the specific cyclicity style of the model. The shapes, composition, and dimensions of reservoir bodies derived from the 3-D model are compiled in Figure 19. 1. Transgressive crinoidal shoals (CST 1) form the middle part of the large-scale transgressive hemicycle in the lower half of the model. They show a mainly layer-cake character with high lateral continuity and comparably low differentiation of the high-energy facies. Grainstones only occur Reservoir body shapes and dimensions with respect to the stratigraphic cyclicity style (for the color code, see Figure 15 ). N/G = net-to-gross ratio; mfs = maximum flooding surface.
in areas where the upper Muschelkalk succession is relatively thin. The shoal bodies can be described as extensive, homogeneous, lenticular, and lobate bodies, which are commonly connected to form irregular belts. They represent a major fraction of shoal bodies (N/G = 0.13). Dominant reservoir facies types are poorly sorted crinoidal packstones and grainstones. What is notable is the gradual change of the facies along the depositional gradient, which follows the overall thickness of the succession: texture, bed thickness, visual porosity, component size, and mud content change laterally very subtly but continuously. 2. Skeletal sheets (CST 2) represent the middle part of the upper Muschelkalk around the maximum flooding interval. They are dominated by tight foreshoal facies types and have a remarkably continuous layer-cake geometry with only minor lateral thickness changes for tens of kilometers. Shoal bodies are rare (N/G = 0.01) but, when present, occur as small poorly sorted patches or sheets with low facies differentiation in areas where the upper Muschelkalk is thinnest. 3. Regressive oolitic shoals (CST 3) compose the middle part of the large-scale regressive hemicycle in the upper half of the upper Muschelkalk. In contrast to the transgressive shoals of CST 1, the regressive oolitic shoal bodies form subtle, commonly amalgamated shingles, which prograde downdip. The shoal bodies can be described as large slightly shingled sheets, which are commonly connected to form irregular belts. However, compared to the crinoidal shoals, they are comparably heterogeneous and composed of a range of high-energy facies types. Compared to the transgressive crinoidal shoal bodies, the regressive oolitic bodies show a different composition of mostly grainy oolitic facies types and less skeletal components. Furthermore, the bodies are embedded into tight foreshoal and backshoal facies, a differentiation that is not present in the transgressive section. Another difference is their relation to the overall thickness of the succession. Areas where the overall succession is thin are dominated mainly by muddy, restricted marine backshoal facies types, whereas thick shoal bodies border these areas toward the basin center. This cyclicity style is characterized by the highest net volume of reservoir rock (N/G = 0.25) in the investigated area. 4. The shoal bodies of the low-accommodation cyclicity style (CST 4) were deposited around the initial transgression and the final regression of the upper Muschelkalk and mark the lower and uppermost parts of the succession. Shoal bodies occur either in narrow belts or in mosaiclike patches, forming laterally and stratigraphically irregular patterns with a fair facies differentiation, which is hardly predictable. Modeling of this jigsaw puzzle geometry is generally difficult and uncertainty is highest. However, these intervals are dominated by tight, muddy backshoal facies, and the fraction of potential reservoir rock (N/G = 0.03) is relatively low.
DISCUSSION
The shoal bodies in the transgressive hemicycle of the upper Muschelkalk show marked differences in character and distribution compared to the shoal bodies in the regressive hemicycle. They reflect the conditions of an epeiric system, which reacts strongly to small changes in accommodation and possibly also sea water chemistry controlling carbonate production. The accommodation seems to be mainly triggered by the interaction of hierarchically organized sea level changes (Aigner, 1985; Aigner and Bachmann, 1993) and the depositional gradient. In the main part of the succession, except in the uppermost and lowermost part (CST 4), the facies distribution follows the overall thickness trend of the entire upper Muschelkalk succession. This results in a muddy development in areas where the succession is thick and in high-energy shoal bodies in or around areas where the succession is thin. These conditions may particularly reflect the lateral variations in accommodation and could be simply explained by the presence of a subtle paleorelief, which could be induced by slight differential subsidence of inherited paleotectonic basement blocks. This assumption would also be consistent with the depositional energy of the facies types and the distribution of the associated organisms and means that high-energy shoal bodies would have been preferentially deposited on top of or around subtle paleohighs. The most prominent paleohighs have long been recognized by previous workers (e.g., Wagner, 1913; Vollrath 1958; Geyer and Gwinner 1991) . Thickest and therefore most significant shoal bodies are the transgressive crinoidal shoals (CST 1) and the regressive oolitic shoals (CST 3). Each of them occurs in the middle part of the large-scale hemicycle and forms the thickest part of it. However, fundamental differences were observed, independent from the modeling approach.
1. Transgressive crinoidal shoal bodies appear as relatively homogenous, comparably muddy, poorly sorted skeletal sheets, which are thickening toward subtle topographic highs, on top of which they show layer-cake-like stacking. They reflect a progressive increase in accommodation. Crinoids as rock-forming skeletal components only occur during the overall transgressive hemicycle; crinoids are stenohaline and reflect fully open-marine conditions. 2. In contrast, regressive oolitic shoals mark a progressive overall decrease of accommodation. The shoal bodies occur as comparably heterogeneous, grainy, well-sorted sheets with a shingled stacking pattern at the flanks of subtle paleohighs. The layer-cake-like stacked muddy skeletal sheets (CST 2) in the middle part of the succession mark the drowning of the topographic highs in the study area around the maximum flooding. After maximum flooding, carbonate production is dominated by mollusk shells and ooids, and the general lack of rock-forming crinoids might indicate less stenohaline but somewhat more restricted marine conditions.
Uncertainties and Implications for Automated Facies Distribution
The resulting shapes and average dimensions of the shoal bodies (Figure 19 ) are deduced from the 3-D model and therefore depended on the modeling approach. However, the facies distribution was computed iteratively in several different realizations. Instead of representing a statistical distribution of the shoal bodies, the 3-D modeling software was mainly used to compile and display the outcrop observations. In contrast to subsurface studies, it was possible to trace the individual shoal bodies laterally for several kilometers, and we aimed to represent these observations. Compiling and joining all the observations in the modeling tool helped to finally understand the subtle lateral changes of the system. Nevertheless, the distribution of properties, e.g., facies, depends to a certain extent on the possibilities and limitations within the 3-D modeling tool. Several different approaches were tested to find the most representative solution. The first step was the construction of a simple pilot model in which the geobodies were bounded by individual surfaces (Palermo et al., 2006) . This approach worked for a small limited stratigraphic section but was difficult to realize for the full-scale model. The next realization was an object-based modeling approach. However, the software could not realize the complex distribution of the facies, considering variable shapes, orientations, and heterogeneities of the shoal bodies in the desired detail. The final model was generated with a facies transition simulation tool, which considered mainly lateral (trend map) and vertical trends (progradation and retrogradation) for each small-scale hemicycle. The result was corrected by interactive facies modeling (using the facies drawing tool) to obtain the best possible match to the data (Figures 15-17) . Nevertheless, interactive facies corrections have the general disadvantage that they cannot be integrated into the automated modeling workflow. Several other purely geostatistical, variogram-based attempts without strongly constraining trends failed, and the generation of these 2-D or 3-D trends proved very time consuming. Many modeling software tools distinguish continuous and discrete properties, in which facies are considered as a discrete property with sharp boundaries. Confirming the observations of Borgomano et al. (2008) , one important result of this study is that most of the facies types show extensive gradational transitions and act laterally more like a continuous than a discrete property. Within the studied system, which is characterized by a low amount of erosion, the lateral variations in texture, components, visual porosity, etc., are in most cases continuous and rarely abrupt. The concept of grouping the sedimentological properties into discrete facies types, which is one of the initial steps in a common sedimentological study, incorporates the danger that continuous transitions are not captured or are systematically removed from the data.
Therefore, in a final modeling exercise, we used facies as a continuous property to rebuild the here presented facies model in a fast and fully automated way. The procedure resulted in a good match of the complex facies geometries without using interactive facies corrections, provided that the number and the spacing of data points are sufficient to represent the facies geometries. However, the creation of a continuous lithofacies code had to be conducted with great care and required several preparative steps.
(1) The facies code had to be ordered consistently along the depositional gradient. This procedure is critical to the modeling success, as the same order has to be maintained within the specific depositional interval. (2) Facies types with abrupt changes (in this case, the crinoidal mounds and debris and argillaceous crinoidal sheets) were merged and not differentiated. (3) The facies was distributed by numerical interpolation using the overall thickness of the specific package as the distribution trend. (4) If necessary, the previously merged facies can be refined by filtering each specific merged facies volume and distributing the more discontinuous facies types stochastically inside it. This approach delivered excellent results for the major part of the succession but could not produce a representative distribution of the low-accommodation (CST 4) jigsaw puzzle geometries in the uppermost and lowermost part of the succession. There, the critical data spacing is sometimes too large to capture the smallscale mosaiclike geometries and leaves room for several different scenarios.
CONCLUSIONS
This study investigated the upper Muschelkalk (Triassic, southwest Germany) as an outcrop analog to similar epeiric layer-cake-type carbonate reservoirs that occur particularly in the Middle East (e.g., Khuff, Arab, and Hanifa). The resulting shoal reservoir geometries were integrated in highresolution 3-D models. The main conclusions of the study are listed below.
• Facies: Fourteen different facies types could be distinguished and modeled across the Muschelkalk carbonate ramp. The visually porous facies types are restricted to the high-energy shoal complex whereas both inner-and outer-ramp facies are generally tight. The shoal facies types typically consist of skeletal and oolitic packstones and grainstones that are arranged in discrete shoal bodies, which can be considered as potential reservoir bodies.
• Paleotopography: The distribution of the facies types as indicators for depositional energy and accommodation shows a close relationship to the overall thickness pattern of the upper Muschelkalk. High-energy packstones and grainstones were generally deposited in or around areas with a reduced overall thickness, whereas shaley and mud-dominated facies were deposited in the areas with an increased overall thickness. The thickness pattern is conformable with the regional orientation of the shoreline and the depocenter as well as with the main structural trends in the basement. These relationships can be explained by a subtle paleotopography triggering the facies differentiation in an epeiric environment: small changes in accommodation had a major impact on the distribution of facies and reservoir bodies.
• Hierarchy of stratigraphic cycles: Similar to many epeiric Middle East carbonate reservoir units, the upper Muschelkalk shows a pronounced hierarchy of stratigraphic cycles. Three main temporal and spatial scales of stratigraphic cycles could be identified. The entire upper Muschelkalk is interpreted to represent one, almost symmetrically shaped (third-order) transgressive-regressive cycle with maximum flooding around the clay horizon Tonhorizont b2.
• Two-dimensional cyclicity styles: To capture the lateral changes of paleoenvironments, 2-D cyclicity styles were defined instead of conventional 1-D ideal cycles. These document the spectrum of development and lateral facies changes in stratigraphic cycles along the depositional gradient. Four different cyclicity styles could be distinguished: (1) transgressive crinoidal shoal, (2) skeletal sheets, (3) regressive oolitic shoal style, and (4) low accommodation.
• Three-dimensional geological modeling: The deterministic, high-resolution 3-D modeling of the sedimentary body geometries provided new insights into the stratigraphic architecture. With 200-fold vertical exaggeration, the apparent layer-cake stratigraphy turned out to be a pseudolayer cake, with very gentle (0.01-0.001°d ip) clinoform geometries. However, the resulting clinoforms are beyond normal seismic resolution and may be similar to the faint shingle geometries observed in some high-resolution seismic sections of several epeiric Middle East carbonates.
• Geometries of shoal bodies: Volume and dimensions of the shoal bodies seem to be mainly controlled by the combination of stratigraphic cycles and a gentle paleotopography. 
